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Spacecraft  Charging  -  Present  Situation  and  Some  Problems 


Shu  T.  Lai1 

Space  Vehicles  Directorate ,  Air  Force  Research  Laboratory,  Hanscom  AFB\t  MA  01731 

This  overview  discusses  some  aspects  of  the  present  situation  of  spacecraft  charging 
related  to  space  weather  and  suggests  some  simple  research  problems. 


I.  Introduction 

\Vlhj|!C  lTth  °.f  thS  ge°JSyni,hrOn0US  SCATHA  Stellite  some  three  decades  ago,  full-fledged  research  in 
pace  craft  charging  started.  The  mam  reasons  for  studying  spacecraft  charging  u  arc  (1)  effects  on  scientific 
measurements  onboard,  and  (2)  damage  to  the  scientific  instruments  [Figure  1],  Significantly,  spacecraft 

ean'S'inected'lSJ  °"  "7?"'  Man>'advai,ces  have  been  made  in  the  past  decades.  A  historical  development 
F  it ?  1  bt  he  °tSpacecrafi  Charging  Technology  Conferences,  which  started  some  30  years  ago  at 

enginecrinTThemar^’  C°l0rad°  Spntlf*  Spacecraft  surface  charging  now  stands  up  as  a  field  in  science  and 
g!"  t‘  8i  Th  Tany  neW  research  opportunities  to  be  opened  up  for  future  research  in  surface  charging. 

satellite  data  IT?’  a‘tentlon  has  been  Paid  t0  sPace  weather,  which  is  becoming  an  important  field.  Much 
a  on  space  weather  are  becoming  available.  A  main  purpose  of  studying  space  weather  is  for  eventual 
pp  iLa  ions  to  space  systems.  With  the  availability  of  the  space  weather  data  and  spacecraft  charging  data  it  is  now 

weather1 o^  space  systems. VentUrl ng  mt0  ,heir  ^riapped  area,  viz.,  coordinated  data  studies  on  the  effect;  of  space 

This  talk  will  present  an  overview  on  some  aspects  of  spacecraft  charging  related  to  space  weather  and  sugeest 

future ^oace^v't b  emS  Advances  laborat°ry  measurements,  computer  modeling,  spacecraft  instrumental ionf  and 
future  space  systems,  are  important  but  will  be  outside  the  scope  here. 

charginj^i0 f  ^ ihe  geosynchronous  SCATHA  satellite  some  three  decades  ago,  full-fledged  research  in  spacecraft 
onbefard  and  f°l  StUdy‘ng  spacecraft  charging  '  are  (1)  effects  on  scientific  measurements 

on  millr  Maiv  Sn  T  $T  [FlgUre  1J'  Significantly,  spacecraft  charging  can  have  impact 

series  of  Sna^?af>  rI  S  have,bee.n  made  ]n  the  Past  decades.  A  historical  development  can  be  reflected  by  the 
r  ,  .  Spacecraft  Charging  Technology  Conferences,  which  started  some  30  years  ago  at  the  Air  Force  Academy, 

new  research^ gS  paaecra  l  surface  charging  now  stands  up  as  a  field  in  science  and  engineering.  There  are  many 

new  research  opportunities  to  be  opened  up  for  future  research  in  surface  charging. 

satellit^S  I!a«n’ ™Ch  attention  has  been  paid  to  space  weather,  which  is  becoming  an  important  field.  Much 
iDolicitinns  tn  P  weather  ar®  1 b“Ommg  available.  A  mam  purpose  of  studying  space  weather  is  for  eventual 
beemnina  to  1  ^  T  '  W‘‘h  ‘  ^  availabll,t>'  of  the  space  weather  data  and  spacecraft  charging  data,  it  is  now 
weather  on  space^ysLms  VentUrmg  Int0  their  overlaPPed  area-  viz->  coordinated  data  studies  on  the  effects  of  space 

soml^hrlot  presen' an  overvjew  on  some  aspects  of  spacecraft  charging  related  to  space  weather  and  suggest 

future  srnci  X  ?b  emS'  AdvanceS  “ '  labora,°ry  measurements,  computer  modeling,  spacecraft  instrumentation?  and 
future  space  systems,  are  important  but  will  be  outside  the  scope  here. 


If.  Space  Weather  Effects  on  Spacecraft  Surface  Charging 

accJrheT^TaChr0n0w  enviro™t  is,tbe  most  important  region  in  the  magnetosphere  for  spacecraft  charging  to 
density  il  sometimesl^r^/f  P  Sma  ,emperature  is  sometimes  very  high  (multiple  keV)  and  the  plasma 
It  is  now  w, >n  i  *a  F  ,  CW  eleclrons  per  cc-)  m  that  region,  and  (2)  most  communication  satellites  are  there. 
jv  , ,  underste°d  that  the  onset  of  spacecraft  charging  depends  very  much  on  the  plasma  temperature.  For  a 

occurs  rKit.nrpT^R3  ’  ’’T  t*'51*  3  Cnt'CaI  temPerature  above  which  spacecraft  charging  to  negative  potentials 
occurs  [I  igure  2J.  Below  it,  charging  to  negative  potentials  does  not  occur.  The  theory  of  critical  temperature  was 
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obtained  by  considering  Maxwellian  space  plasmas.  It  is  surprising  that  the  theory  agrees  very  well  with  the 
observed  data  on  the  Los  Alamos  National  Laboratory  (LANL)  satellites  [Figure  3], 

H  is  not  surprising  that  the  Maxwellian  mode!  is  correct;  it  is  surprising  why  the  space  plasma  should  be 
Maxwellian  so  often,  rendering  the  better-than  expected  agreement  between  theory  and  observations.  Indeed,  the 
space  plasma  should  be  sometimes  in  a  double  Maxwellian  distribution  \  especially  when  fresh  energetic  plasmas 
arrive  at  a  region  where  less  energetic  plasmas  are  already  present.  In  a  double  Maxwellian  plasma  environment 
triple-root  jump  in  spacecraft  potential  can  occur.  A  study  '*•  s  has  shown  that,  even  in  a  double-Maxwellian 

environment,  the  critical  temperature  still  plays  an  important  role  in  delineating  the  parametric  domains  of  the 
charging  behavior. 

However,  the  space  plasma  is  sometimes  non-Maxwellian.  For  example,  the  distribution  sometimes  resembles  a 
kappa  distribution  ,  in  which  the  high-energy  tail  is  more  prominent  than  in  a  Maxwellian  distribution.  A  study 10 
on  spacecraft  charging  in  a  kappa  distribution  of  space  plasma  has  shown  that  the  onset  of  spacecraft  charging  is 
determined  by  a  critical  value  very  close  to  the  critical  temperature  of  the  Maxwellian  plasma  theory,  A  thorough 
statistical  study  using  the  LANL  satellite  charging  data,  on  the  problem  of  spacecraft  charging  in  an  ambient 
environment  with  kappa  distribution  of  electrons  has  to  be  done  and  may  be  worthy  to  be  thesis  material. 

The  advent  of  critical  temperature  enables  forecast  of  spacecraft  charging  at  geosynchronous  altitudes  to  be 
earned  out.  Although  there  are  many  parameters  in  space  weather,  it  is  useful  to  single  out  the  most  direct 
parameter,  or  parameters,  for  spacecraft  charging  forecasts.  As  an  analogy,  although  there  are  many  parameters  in 
our  daily  weather,  sometimes  we  only  hope  to  know  whether  it  will  rain  at  a  Saturday  evening  Whatever  the 
barometric  pressure  distribution  is  at  7500  feet  altitude  within  10  miles  may  not  be  our  concern. 

In  space  weather,  the  main  driving  force  is  the  large  eruptions  on  the  Sun.  The  solar  plasma  propagates  to  the 
Earth  s  magnetosphere  and  disturbs  the  Earth’s  space  weather.  The  space  weather  parameters  are  many,  including 
the  electron  density,  electron  temperature,  ion  temperature,  ion  density,  magnetic  field  vector,  ion  group  velocity 
ratio  of  the  magnetic  to  particle  pressures,  etc.  However,  if  one  can  forecast  just  the  plasma  electron  temperature  at 
or  near  the  geosynchronous  region,  one  can  predict  whether  spacecraft  charging  is  likely  to  occur.  It  is  amazing  that 
only  one  parameter  is  practically  sufficient  for  the  prediction  of  the  onset  of  spacecraft  charging  See  however  the 
following  remark.  T 

This  paragraph  remarks  on  the  Maxwellian  model.  The  Maxwellian  model  11  yields  two  results,  viz.  (!)  the 
critical  electron  temperature  for  the  onset  of  spacecraft  charging  and  (2)  the  charging  voltage  for  each  given  electron 
temperature  exceeding  the  critical  value.  A  statistical  study  11  has  shown  the  existence  of  critical  temperature 
agreeing  reasonably  well  with  the  data  obtained  from  the  LANL  geosynchronous  satellites.  There  are  statistical 
fluctuations  and  they  are  tabulated  in  Ref,]  1.  The  study  also  shows  the  linear  or  quadratic  trend  of  charging  voltage 
as  a  function  of  electron  temperature.  With  a  given  temperature,  one  can  therefore  predict  the  charging  voltage  by 
using  the  linear  or  quadratic  trend.  The  trend  deviates  from  being  linear  when  the  voltage  reaches  about  3  kV 
(Figure  4),  A  quadratic  trend  (dash  line  in  Figure  4)  fits  better.  There  are  statistical  fluctuations.  One  reason  for  the 
fluctuation  is  because  possible  deviation  of  the  distribution  from  being  Maxwellian.  In  the  kappa  distribution 
s  u  y  ,  only  a  small  set  of  data  (the  set  used  in  Ref.  11)  was  used.  The  results  are  close  to  those  of  the  Maxwellian 
theory  as  far  as  onset  is  concerned.  No  charging  voltage  as  a  function  of  temperature  was  studied  in  the  Harris 
thesui  .  The  reason  for  the  closeness  of  the  onset  results  is  probably  because  the  plasma  is  not  deviating  too  much 
from  equilibrium  at  low  temperatures,  such  as  0. 1-3.0  keV.  This  range  is  approximately  that  of  the  critical 
temperature  va  ues  for  typical  surface  materials.  For  highly  disturbed  plasma,  not  only  the  temperature  becomes 
very  high  but  also  the  distribution  often  deviates  from  being  Maxwellian.  However,  as  far  as  prediction  of  onset  of 
charging  is  concerned,  the  low  temperature  range  (up  to  about  3  keV)  enables  the  Maxwellian  theory  to  be  useful, 

he  space  weather  parameters  allow  one  to  do  many  interesting  spacecraft  charging  problems.  For  example 
how  does  the  sequence  of  a  severe  geomagnetic  storm  correlate  with  spacecraft  charging?  How  severely  does  a 
coronal  mass  ejection  (CME)  affect  spacecraft  charging  l4'16?  How  does  one  compare  the  effects  of  a  co-rotating 
interaction  region  (CIR)  with  those  of  a  CME  on  spacecraft  charging?  How  much  does  an  exo-event  (when  the  solar 
wind  compresses  the  magnetosphere  so  much  that  part  of  the  sunward  side  of  the  satellite  orbit  lies  outside  the 
magnetosphere)  affect  spacecraft  charging,  etc.  These  are  some  suggested  problems  related  to  space  weather.  The 
answers  to  these  problems  may  contribute  towards  an  ultimate  goal  of  space  weather  -  to  apply  scientific  knowlcdee 
of  space  weather  to  space  systems.  B 

In  addition  to  the  space  weather  of  the  Earth,  one  should  look  towards  the  moon  and  the  planets.  This  is  a  future 
direction,  as  mankind’s  horizon  is  expanding  towards  farther  outer  limits.  The  moon  does  not  have  a  magnetosphere 
and  is  therefore  exposed  to  the  solar  winds.  It  is  dusty  on  the  moon,  More  on  charging  of  lunar  dust 1718  in  solar 
wind  plasmas  with  energy  distributions  needs  to  be  studied  systematically.  The  small  dust  size  poses  problems  to 
secondary  electron  emission,  because  the  secondary  electrons  are  generated  from  shallow  depths  only  l9'20. 
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I- util, ennore  the  primary  electron,  ir energetic  enough,  can  pass  through  a  dust  particle  and  exit  from  the  opposite 
side.  Depending  on  the  size  distribution  of  the  dust  particles 11-22  and  the  energy  distribution  of  the  plasma  electrons, 

0n(i  can  °n™J  ate  c  ar8jn6  theories  of  dusts  with  further  assumptions.  Such  theories  may  be  worthy  to  pursue  and 
are  possibly  thesis  materials.  This  is  a  futile  area  for  research23  26. 

The  planets  have  their  magnetic  field  orientations  and  magnetospheres,  it  is  well  known  that  Jupiter  has  aurorae 
igure  J.  ttp.  /vwwi  jpl.nasa.gov/rcleases/2001 /belts. html)  It  has  been  observed  that  spacecraft  surface  charging 
can  occur  in  the  magnetospheres  of  Jupiter  and  some  other  planets27'50.  X-ray  observations  have  yielded  evidence  of 
“Vn  2°^  MCV  ‘ncenerP.°n  Jupiter'  High-energy  electrons  with  energies  in  MeV  or  more  are  well 
"  ,  r!  k’!  er'e,eCtr°nS  for  their  ab,I,ty  t0  Penetrate,  deposit,  and  accumulate  into  dielectric  materials  of 
spacecraft.  Therefore,  deep  dielectric  charging  35  is  an  important  subject  for  spacecraft  traveling  into  highly 
energetic  charged  environments  such  as  the  magnetospheres  of  Jupiter  and  some  other  planets.  In  summary,  botii 
sur  ace  charging  and  deep  dielectric  charging  are  likely  to  occur  in  some  planetary  magnetospheres.  More  planetary 
magnetosphere  data  are  needed.  This  is  likely  a  fruitful  area  for  future  spacecraft  charging  research. 

III.  Deep  Dielectric  Charging 

High  energy  (Me Vs)  electrons  and  ions  penetrate  into  material  to  different  depths.  At  energies  below  100  MeV 
electrons  penetrate  deeper  than  ions.  For  spacecraft  dielectric  materials,  the  electrons  penetrate  inside,  stay  there  for 
a£S’  "10”ths’  dePe,ldlnS  on  the  ma,eria!  conductivity,  and  accumulate  as  more  and  more  energetic 
InH  2"%  r  '^spacecraft.  Without  the  presence  of  ions  in  the  deep  layer,  the  electrons  are  not  neutralized 
.  |  ,^‘e6  P.rt  f0™  a  hlgh  e,ectrlc  T,he  electric  field  may  eventually  reach  a  critical  value  E*.  Typically,  E*  is 

ou  10  v/m,  depending  on  the  material'.  Above  the  critical  electric  field  E\  dielectric  breakdown  occurs 
the  electric  field  of  the  deep  electron  layer  may  extend  outside  the  surface,  thus  attracting  low  energy  ambient 
P,  sur  ace’  °PT11tng  a  dou^^c  layer  of  electrons  and  ions.  However,  the  ions  entering  the  material  can  not 
cac  i  ic  eep  layer  of  electrons  because  MeV  electrons  and  ions  penetrate  to  different  depths  [Figures  6,71.  Since 
le  ambient  ion  flux  is  typically  two  orders  of  magnitude  lower  than  that  of  ambient  electrons,  the  surface  ions 
deposit  relatively  slowly.  Since  nature  prefers  neutrality,  the  far  field  of  the  double  layer  is  eventually  neutral. 
Inside  a  double  layer  the  electric  field  is  higher  than  that  of  one  electron  layer  alone.  With  a  double  layer,  the 
e  ectric  field  outside  the  spacecraft  surface  becomes  nearly  zero,  because  the  electric  field  of  the  ion  layer  cancels 

diekctri^charg'Sg3^ **  efCCtr°nS'  This  Phenomenon  suggests  that  surface  charging  is  not  associated  with  deep 

lnHiHCrft,eElrD!DCcc0nS  ane  prCSent  “  the  Earth’S  radiation  beits>  especially  during  highly  active  events  of  the  Sun. 
indeed  the  CRRES  satellite  experienced  anomalies  in  the  radiation  belts,  especially  during  solar  activities  35  The 
anomalies  were  attributed  to  deep  dielectric  charging  30'3i.  Interestingly,  no  surface  charging  (beyond  -30V) 
occurred  during  the  days  of  the  anomalies.  [Figure  8J.  6  7  * 

Following  the  CRRES  papers 37_:!'5  analyzed  the  correlations  between  killer  electrons  and  spacecraft  anomalies 
o  served  on  several  satellites  and  declared  the  evidences  conclusive  [Figure  9],  Subsequently,  more  and  more 
pacecra ft  anomalies  attributed  to  killer  electrons  during  highly  active  solar  events  have  been  reported40.  It  now  well 
accepted  that  killer  electrons  can  cause  deep  dielectric  charging  and  spacecraft  anomalies. 

in  i  ,h T'  C*e0P  cbarS'n®  or  surpace  charging  is  more  important  for  causing  spacecraft  anomalies  is  still 

n  debate  Koons  et  a!  have  analyzed  all  spacecraft  anomaly  events  available  up  to  about  1999  and  concluded  that 
sur  ace  electrostatic  discharge  is  the  most  likely  cause  of  missions  terminated  [Figure  101.  Although  surface 
charging  provides  higher  current  than  deep  dielectric  charging,  the  latter  probably  hurts  the  electronics  more.  In 
tcT  °  j  rAMt  Perfect  correlations  between  the  anomalies  observed  on  various  satellites  (such  as  CRRES,  DRA 
lUi  and  IC2)  and  the  high  fiuence  of  high-energy  electrons  in  the  radiation  bells,  deep  dielectric  charging  is 
emerging  as  Me  more  important  cause  of  anomalies  in  the  radiation  belts  following  very  energetic  solar  events.  If 
so,  the  future  direction  of  spacecraft  charging  research  should  turn  more  towards  deep  dielectric  charging.  This  is 
not  a  new  field  but  much  more  needs  to  be  done. 


IV.  Summary  and  Discussion 

We  have  discussed  some  aspects  of  spacecraft  charging  related  to  space  weather  and  suggested  some  simple 
problems  for  research.  There  exists  a  theory  of  critical  temperature  for  the  onset  of  spacecraft  surface  charging, 
bser  vat  ions  have  agreed  very  well  with  the  theory.  It  is  strange  why  the  agreement  should  be  so  good  in  view  of 
re  tact  that  the  space  plasma  may  not  be  always  in  equilibrium.  The  future  of  spacecraft  research  applications 
should  be  broadened  towards  applications  on  the  planetary  magnetospheres.  Jupiter  has  aurorae  and  high-energy 
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(MeV)  electrons.  The  latter  are  called  'killer-electrons’  because  they  can  penetrate  into  and  deposit  inside 
dielectrics.  Observations  of  anomalies  on  satellites  in  the  Earth’s  radiation  belts  have  shown  (!)  near  perfect 
correlations  with  the  fluence  of  ‘killer-electrons’,  and  (2)  there  exists  a  critical  fluence  above  which  the  anomalies 
arc  likely  to  occur.  Deep  dielectric  charging  may  emerge  in  the  future  as  a  very  important  charging  research  area. 

here  are  many  research  problems  in  deep  dielectric  charging.  For  example,  there  is  no  effective  method  at  the 
present  for  mitigation  of  deep  dielectric  charging.  Shielding  of  high-energy  electrons  certainly  works,  but  a  satellite 
needs  to  have  eyes  and  ears  which  should  not  be  shielded.  Development  of  tailored  conductivity  in  materials 
appears  as  a  feasible  approach  z‘  3.  The  problem  of  mitigation  of  deep  dielectric  charging  needs  to  be  solved. 
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Figure  1.  Spacecraft  charging  and  discharging. 
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Figure  2.  Critical  temperature  (keV)  fur  the  onset 
spacecraft  charging. 


Figure  3.  Spacecraft  charging  on  a  LANL  satellite.  The  data  show  existence 
of  critical  temperature  for  the  onset  of  spacecraft  charging.  [RefJlI 
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Figure  4.  Spacecraft  potential  and  electron  temperature  measured  on  Spacecraft  LANL-1 990-095 
during  eclipse  periods,  14-29  September  1993-2001.  [Ref.  12] 
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Figure  5.  Spacecraft  charging  on  Bastille  Day,  2000.  Charging  occurred  during  a  hr ief  period 
of  high  electron  temperature.  The  charging  duration  was  short  despite  high  kp.  [Ref.12] 
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Figure  5,  X-ray  emissions  observed  on  Jupiter. 

(http://www.jpl.nasa.gov/releases/2001/belts.htm]) 


Figure  6.  Different  Electron  and  ion  penetration 
depths  into  solid. 
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Figure  7.  A  consequence  of  high-energy  electron  bombardment 
in  solids:  formation  of  double  layer*  (Ref, 36) 
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Figure  8.  Charging  and  discharging  observed  on  the  CRRES  satellite  in  (he  radiation  bells. 
Surface  charging  and  discharging  do  not  correlate*  (Ref.37) 
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1994 


Figure  9.  Correlation  discharges  and  high  electron  fluences.  Conclusive  evidence  of 
charging.  (Ref.38) 
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Figure  10.  Missions  terminated  due  to  the  space  environment.  Most  missions 
terminated  are  due  to  surface  electrostatic  discharge. 
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